Guard cells dynamically adjust their shape in order to regulate photosynthetic gas exchange, respiration rates and defend against pathogen entry. Cell shape changes are determined by the interplay of cell wall material properties and turgor pressure. To investigate this relationship between turgor pressure, cell wall properties and cell shape, we focused on kidney-shaped stomata and developed a biomechanical model of a guard cell pair. Treating the cell wall as a composite of the pectin-rich cell wall matrix embedded with cellulose microfibrils, we show that strong, circumferentially oriented fibres are critical for opening. We find that the opening dynamics are dictated by the mechanical stress response of the cell wall matrix, and as the turgor rises, the pectinaceous matrix stiffens. We validate these predictions with stomatal opening experiments in selected Arabidopsis cell wall mutants. Thus, using a computational framework that combines a 3D biomechanical model with parameter optimization, we demonstrate how to exploit subtle shape changes to infer cell wall material properties. Our findings reveal that proper stomatal dynamics are built on two key properties of the cell wall, namely anisotropy in the form of hoop reinforcement and strain stiffening.
INTRODUCTION
Stomata are microscopic pores formed by a pair of guard cells in the plant epidermis, through which plants control gas exchange with their environment. Guard cells regulate the pore size in response to abiotic and biotic stimuli by contracting [e.g. in response to darkness, high CO 2 concentration, drought, abscisic acid (ABA) and microbe-associated molecular patterns] or expanding (e.g. in response to blue and red light, low CO 2 concentration, high humidity, pathogen-secreted effectors) (Webb et al., 2001; Kim et al., 2010; Kollist et al., 2014; McLachlan et al., 2014) . Guard cells regulate the opening and closing of the stomata as a function of pressure, which is governed by the osmotic potential that in turn can be changed by altering intracellular ion concentrations via membrane channels, pumps and transporters (Kollist et al., 2014) .
Turgor pressure in fully open Vicia faba guard cells is around 50 atmospheres (e.g. Franks et al., 1998; Franks, 2003) . To withstand such pressure, plant cells have a strong extracellular structure, the cell wall, consisting of a mesh of cross-linked cellulose microfibrils (CMFs) embedded in a hemicellulose and pectin matrix Cosgrove, 2016) . To model the biomechanics of stomatal opening and closing we need to know their cell wall material properties. Ranges for the elastic moduli of the cell wall components, e.g. cellulose, lignin and hemicellulose, are known, and the modulus for the whole tissue lies in the range spanned by the moduli, with the value dependent on the relative abundance of each component (Gibson, 2012) . A variety of experimental techniques have been used to quantify elastic moduli in plants (reviewed by Vogler et al., 2015) . For example, tension devices have been used to test cell wall sheets of Chara corallina (Toole et al., 2001) , plant cell wall analogues (Chanliaud et al., 2002) , Arabidopsis hypocotyls (Ryden et al., 2003) and Prunus avium (sweet cherry) fruit skin (Bargel et al., 2004) . More recently, elastic moduli estimates have been obtained for Arabidopsis leaves (Hayot et al., 2012; Forouzesh et al., 2013) and Allium (onion) epidermal peels (Beauzamy et al., 2015) by nanoindentation techniques, at the subcellular scale using microelectromechanical system devices (Zamil et al., 2013) , and for growing Camellia pollen tubes using microfluidic devices (Nezhad et al., 2013a,b) . Thus, although there is considerable variation (Cosgrove, 2016) , there is a wealth of information about cell wall moduli and in particular for the epidermis; however, the cell wall composition in guard cells differs significantly to that of epidermal cells (Jones et al., 2004; Amsbury et al., 2016) , which might suggest different behaviour, yet it is not clear how changes in the cell wall components alter the overall cell dynamics. To understand how guard cells function we need to understand how the cell wall material properties translate turgor into a reversible biomechanical response (Weber et al., 2015) .
The early work on stomatal modelling by Cooke et al. (1976) treated a stoma as a thin-shelled torus. As guard cells return to their initial shape when turgor pressure is reduced, i.e. in terms of their geometry they reversibly open and close, Cooke et al. (1976) approximated the guard cell walls as an elastic material. Within this framework, an important choice is the type of elastic model to use, which can be linear or nonlinear. The fundamental difference between the theory of linear and nonlinear elasticity is the size of deformation to which it can be applied. Linear elasticity is a suitable approximation only for small deformations (on the order of a few percent). The model of Cooke et al. (1976) used linear elasticity but stated that nonlinear elasticity would be a logical progression. Their model gave rise to several notable conclusions, including that variations in cell wall thicknesses were not required for stomatal opening, contrary to the thinking of the time (Niklas, 1992) . A further conclusion was that radial cell wall stiffening, provided by CMFs, was not essential for proper stomatal function (when a pore opens as guard cell turgor pressure increases), provided the cell wall was sufficiently thick. Radially aligned CMFs have been observed in guard cell walls across species (Palevitz and Hepler, 1976; Fujita and Wasteneys, 2013) . When aligned CMFs are incorporated into the cell wall, the stiffness becomes direction dependent, or anisotropic (Aylor et al., 1973; Wu and Sharpe, 1979) . When stomata open, these radially aligned CMFs would be expected to act against any widening of guard cell cross section, and instead, direct the increase in turgor pressure into a longitudinal lengthening of the guard cell. This behaviour has been observed by Meckel et al. (2007) , who showed that V. faba guard cells lengthened longitudinally as the stoma opened, with only a slight increase in guard cell cross section. They found that guard cells increase in volume by 25% or more during stomatal opening (Franks et al., 2001; Meckel et al., 2007) . As linear elastic theory is inappropriate when deformations are large, nonlinear elasticity is required to account for the observed shape changes.
Here we use a theoretical approach and develop a minimal biomechanical model that quantitatively captures the opening dynamics of kidney-shaped stomata. Building on previous work (e.g. Aylor et al., 1973; DeMichele and Sharpe, 1973; Cooke et al., 1976; Wu and Sharpe, 1979) , we extend these investigations to allow for spatial variations in cell wall thicknesses, a nonlinear anisotropic mechanical model, and computation of the mechanical stress and strain throughout the cell wall. Furthermore, we put forward a framework for the inference of biomechanical properties of the cellulose microfibrils and the pectinrich cell wall matrix, and how they affect stomatal function (Rui and Anderson, 2016) . Our simulations confirm that microfibrils are critical for stomatal function, and we predict that the microfibrils must be strong in order to impart sufficient hoop rigidity to the guard cell wall, and that the cell wall matrix strain-stiffens during opening. By applying the model to Arabidopsis we confirm that stomata of wild-type plants and selected mutants require strong microfibrils, and that a mutant with an enhanced opening phenotype, and enriched in a pectin (previously implicated in altered stomatal dynamics), had a less stiff cell wall matrix compared with the wild type. The model can therefore not only answer questions and make predictions regarding isolated stomata but can also complement experimental observations, thereby leading to an improved understanding of guard cell dynamics.
RESULTS

Anisotropic guard cell walls are critical for stomatal function
In order to understand the impact of the cell wall properties during opening and closing, we constructed a threedimensional biomechanical model of a guard cell pair. To account for the large deformations observed during opening (Franks et al., 2001; Meckel et al., 2007) , we employed nonlinear elasticity theory. The model is shown in Figure S1 and is described in detail in Experimental procedures. We used the stomatal measurements for V. faba provided by Spence et al. (1986) , and listed in Table 1 , to generate the initial stomatal configuration shown in Figure 1(a) . The model is initialized so that the stoma length is 45 lm, the guard cell width is 15 lm, and the Young's modulus and Poisson's ratio are approximately 108 MPa and 0.5, respectively. First, to validate the findings of Cooke et al. (1976) , we set the cell wall to be isotropic, i.e. the elastic modulus is independent of direction. To simulate what happens when guard cells take up water, we applied turgor pressure to the inner cell wall surfaces (details regarding the pressure range are presented in the Experimental procedures). The resulting pressurized, The observed measurements are for the large, and most common, V. faba stoma in Spence et al. (1986) . The values for the closed stoma are used to construct the undeformed stomatal geometry in the model. The difference between the 'Model #1' and the 'Model #2' results arises from different cell wall matrix models, where the latter model incorporates stiffening. For the closed stoma, the dorsal and ventral wall thicknesses were set to 1 lm, which is in the range observed by Li et al. (2010) . The tip wall thickness was set to 0.3 lm, as observed by Meckel et al. (2007) . Figure 1 . Circumferentially oriented cellulose fibres are critical for proper stomatal function. The turgor pressure is increased from 0 to 5 MPa in two geometrically identical stomata. (a) When the cell wall is isotropic the guard cells swell and the stoma closes its pore. (b) The aperture and guard cell volume increase for a stoma with circumferential cellulose microfibrils (CMFs) in the guard cell walls. (c) Repeat of (a) with epidermal pressure applied to the dorsal wall. (d) Repeat of (b) with epidermal pressure applied. (c, d) Grey shaded area indicates the range of epidermal pressure. The stomatal dimensions are given in Table 1 and the cell wall parameters are either the 'Isotropic' or 'With CMFs' values given in deformed configuration, together with quantification of the guard cell volume and pore aperture, which both change in a nonlinear fashion, are shown in Figure 1 (a). Importantly, we find that for an isotropic cell wall the pore does not open with increasing turgor but actually closes. This result seems to be in conflict with the conclusion of Cooke et al. (1976) that an isotropic cell wall can produce a functional stoma, provided the cell wall was thick enough. We therefore investigated the impact of cell wall thickness. We doubled the cell wall thickness and also investigated doubling the thickness of the ventral wall whilst leaving the dorsal and periclinal wall thicknesses unchangedthe guard cell cross sections are shown for these models in Figure S2 . The latter case mimics the observation that the ventral wall tends to be thicker than the dorsal wall in some stomata species (Franks and Farquhar, 2007) . We find that neither case qualitatively changes the behaviour of the stoma, i.e. the pore closes as turgor increases (Figure S2) . As expected, we find that as the thickness increases, a higher turgor pressure is required to achieve the same deformation. A qualitatively similar result occurs if the stiffness of the cell wall matrix is increased without changing the initial cell wall thickness ( Figure S2 ). Therefore, increasing the cell wall thickness or raising the cell wall stiffness produces the same effect, and neither explain the difference between our results and those of Cooke et al. (1976) .
To investigate this discrepancy in behaviour we initialized the guard cell geometry so that the guard cells bulge into the plane of the leaf, i.e. the aspect ratio (AR) of the guard cell cross section is less than one (AR = guard cell depth/guard cell width). Increasing the turgor for this configuration initially leads to a slight increase in aperture as the guard cells lose their eccentric cross section, but as the turgor rises further the stoma closes ( Figure S3 ). The former situation corresponds to the behaviour observed by Cooke et al. (1976) . Had they increased the turgor pressure to what we now know is the correct range, their guard cell model would also have likely closed rather than opened. Unsurprisingly, it's the interplay between shape, pressure and material that determines morphological changes. For example, Hofhuis et al. (2016) showed that the mechanism underlying explosive seed dispersal relies not only on geometry and pressure, but also on the material properties of the epidermal wall. The conclusion of Cooke et al. (1976) relating to the proper functioning of stomata with isotropic cell walls is thus shown to result from their choice of initial geometry and limited pressure range ( Figure S3 ).
As we failed to find parameters for an isotropic material with which guard cells can function correctly, we extended the model to allow for anisotropic behaviour (Dumais et al., 2006) . Anisotropy describes the direction-dependent response of a material to an applied force, behaviour that is imparted into guard cell walls by circumferentially-oriented CMFs. We include CMFs in the model by adding circumferential fibres to the cell wall ( Figure S1b ). The cell wall, therefore, becomes a composite of two components in our model: an isotropic cell wall matrix and fibres embedded in this matrix that provide anisotropy parameterized by the fibre strength and direction. The fibre parameters are representative of the fibre network as a whole, i.e. CMFs, hemicellulose, linking and unlinking rates, etc., rather than the modulus of an isolated cellulose fibril, which is %100 GPa (Cheng and Wang, 2008) . This anisotropic cell wall model is similar to the recent investigation of Weber et al. (2015) , who developed a continuum mechanics-based approach to model a cylindrical Nicotiana benthamiana (tobacco) cell as a thin shell, and the approach of Bozorg et al. (2014) , who idealized the cell wall in the growing shoot apical meristem as a mesh of triangular biquadratic springs using thin shells.
To ensure that the guard cell walls are anisotropic we chose the fibre modulus to be high (%109) relative to the initial Young's modulus of the cell wall matrix. We then increased the turgor pressure in the guard cells to deform the stoma from its initial configuration and quantified the change in aperture and guard cell volume ( Figure 1b ). With CMFs providing hoop rigidity, the model captures the stoma opening its pore. A further consequence of the hoop rigidity is a restriction on the increase in guard cell volume to %25%, which is in agreement with experimental data (Franks et al., 2001; Meckel et al., 2007) . To investigate the impact of pressurized subsidiary cells on guard cell behaviour, we studied the opening dynamics with an external pressure applied to the dorsal walls. When we don't include CMFs in the model, the presence of epidermal pressure has a significant effect on the guard cell dynamics. With no CMFs and no epidermal pressure, the stoma closes at a guard cell turgor pressure of %4 MPa (Figure 1a ), whereas with epidermal pressure the stoma closes at %0.5 MPa (Figure 1c ). When we include CMFs in the model, however, the stoma closes slightly as the epidermal pressure rises to its maximum value (0.5 MPa), after which point the stoma opens normally (Figure 1d ). As the model stoma opens, the impact of epidermal pressure on the aperture diminishes, which is in line with experimental observations (Franks et al., 1998) . In accordance with our previous results, thickening the cell wall or increasing the stiffness of the matrix reduces the response for a given pressure ( Figure S2 ). Furthermore, anisotropic guard cells open under pressure, irrespective of the initial aspect ratio of the guard cell cross section ( Figure S3 ). Anisotropy in the walls of guard cells is, therefore, a fundamental requirement of a functional stoma.
Strong cellulose microfibrils are required for stomatal opening
In order to estimate the elastic moduli that can reproduce stomatal dynamics, we introduced a measure for the 'distance' of the model-derived geometry from the experimentally observed geometry, and used standard optimization techniques to minimize this difference by changing the elastic moduli of the cell wall. Details of this process can be found in the Experimental procedures. The result of the optimization is a set of parameters for the cell wall matrix and the CMFs that, as pressure rises, best reproduce the experimentally observed open stoma shapes. We initialized the optimization procedure using the closed V. faba stoma described by Spence et al. (1986) , and sought elastic moduli that produced the best match to the open stoma when the turgor pressure was raised. The dimensions for the open and closed stoma are summarized in Table 1 . The cost function includes the stoma and pore length together with the aperture and the guard cell width. As the material model decouples the cell wall matrix from the CMFs, the optimization procedure finds elastic moduli specific to the cell wall matrix and to the CMFs ( Table 2 ). The small-strain shear modulus, G 0 , of the cell wall matrix is found to be 18 MPa, corresponding to a Young's modulus of 54 MPa. This estimate can be compared with known materials, e.g. it is greater than the shear modulus of rubber (0.3 MPa) but smaller than the modulus of polyethylene (120 MPa). The shear modulus, G, measures the ability of a substance to resist a shearing force, and G 0 is the value of G at the onset of deformation: for a nonlinear material G typically deviates from G 0 during the course of deformation. The value of the inferred fibre modulus is %1.2 GPa, which is several orders of magnitude larger than G 0 , highlighting the difference in strengths of the cell wall matrix and the CMFs, which is consistent with a recent study (Sampathkumar et al., 2014) . These values are estimates within the framework of our model, which includes approximations such as simplified geometry, having only one type of fibre with idealized alignment and no cross-linking, and material incompressibilty. Within this framework, the high strength of the circumferential CMFs, relative to the matrix, is crucial for restricting radial expansion of the guard cells, consistent with experimental data that show guard cell widths remain constant during opening (Spence et al., 1986; Rui and Anderson, 2016) . This approach allows us to accurately recapitulate the open stoma, with the aperture, guard cell width and pore length all within 2.5% of the observed values, and the stoma length about 7.5% longer than for the observed stoma. The analysis of the isotropic case and inferred parameters for the anisotropic case show that strong, circumferential CMFs are required in the guard cell walls in order for the stoma to function properly, and to match experimental observations.
The open stomata geometry can be seen in Figure 2 , together with a contour map of the mechanical stress and strain throughout the stoma; the inner and outer surfaces of the guard cells are shown. As can be seen, the ventral wall, particularly on the inside and where the tips of the guard cells join, experiences the greatest stress (Figure 2a ). The strain distribution paints a similar picture ( Figure 2b ): strain 'hot spots' occur in the ventral wall where the tips join, and the strain is higher in the ventral wall than in the dorsal wall. These maps show the effective stress and strain, which summarize the tensors as scalar values. Vectorial views of the stress and strain tensors are shown in Figure S4 using the first principal stress and strain of the tensors. These clearly show that stress is directed circumferentially with the CMFs and the strain is oriented longitudinally, indicating the direction of maximum stretch. The overall surface area increases by 30% during opening (Figure 2d) , and on the ventral wall this rises to 50% in places. The points where the tips meet the ventral walls are therefore important locations in stomatal opening dynamics, as they are hot spots of stress and strain. The high stress and strain at the tips indicate that the ventral wall may yield in this region and separate in order to form more tapered ends to the pore, deviating from the simple geometry that we chose. By analysing the stress-strain curve we estimated the Young's modulus at the guard cell mid-point and at the end of the pore to be %59.9 and %11.2 MPa, respectively. The precise locations of the points at which these calculations were made are shown as point (a) and point (b) in Figure S1 . This 30% increase in surface area as the stoma opens is well above the reported values for biomembranes that stretch elastically by only 3-5% (Wolfe et al., 1986; Morris and Homann, 2001; Gao et al., 2005) . For the plasma membrane, vigorous endo-and exocytosis in the regions towards the poles has been proposed (Meckel et al., 2004; Gall et al., 2010) as a mechanism that facilitates the change in surface area, whereas others propose that plasma membrane excretion and folding occurs during closure in addition to endo-and exocytosis (Li et al., 2010) . The regions of high strain on the inside of the guard cells could be interpreted as mechanical cues as to where reinforcement is most required in order to maintain the integrity of the plasma membrane during stomatal opening. If stress and/ or strain are being sensed by the cell wall (Heisler et al., 2010) , then it is plausible that these hot spots might be a focus for cell wall strengthening. The 30% increase in Table 1 surface area assumes that the cell wall is initially smooth, whereas if the surface were slightly rugose then the change in surface area required during stomatal opening would decrease. Whatever the underlying process, the model locates and quantifies stress and strain hot spots in guard cells as the stoma opens, highlighting the regions where folding of the plasma membrane and/or membrane recycling are most required to enable guard cells to achieve the observed change in surface area.
The guard cell wall matrix strain-stiffens during stomatal opening
Pressure-probe experiments have shown that the aperture depends nonlinearly on turgor pressure, with the aperture least sensitive to a change in pressure in the highest part of the pressure range (Franks et al., 1998; Franks and Farquhar, 2007) . The nonlinear behaviour could be achieved by a dynamically changing cell wall thickness or by stress inducing structural rearrangements in the cell wall, and thus leading to changes in the material properties. Without further data we can't uncouple these effects and we therefore focus on the phenomological cell wall response to pressure, rather than the underlying details. As the guard cell volumetric elastic modulus (similar in definition to the bulk modulus; for a detailed description, see Cosgrove, 1988) has been observed to increase during stomatal opening (Franks et al., 2001) , we asked whether strain-stiffening of the cell wall might explain the nonlinear dependence of aperture on pressure. Strain-stiffening has been discussed in relation to the stiffening of isolated, but growing, cell walls (Cosgrove, 1993) , and has been shown to occur in the growing shoot tip (Kierzkowski et al., 2012) . Within our model, strain-stiffening could be achieved either as a property of the cell wall matrix or as a property of the CMFs.
To check whether fibre stiffening might lead to the nonlinear pressure-aperture profile, we performed simulations with strain-stiffening fibres and the same cell wall matrix as before. This demonstrated that fibre stiffening mainly affected the guard cell width, whereby fibres that were permitted to stiffen as their embedding matrix stretched led to an increase in guard cell width, and did not reproduce the observed nonlinear opening behaviour. As we treat the cell wall as incompressible, the high stiffness in the circumferential direction could be transferred to the longtitudinal direction. Therefore, to further check whether strain-stiffening fibres reproduce the observed nonlinear opening behaviour, we included the fibre strain-stiffening parameter, k m , in the material parameter optimization. This procedure resulted in fibres that did not strain-stiffen, suggesting that strain-stiffening CMFs do not give rise to the nonlinear opening behaviour.
To evaluate whether the observed pressure-aperture profiles could be explained by strain-stiffening of the cell wall matrix, we modified the mathematical relationship that links stress and strain in the matrix (details are presented in the Experimental procedures). With this model, we verified that the stoma functions correctly only when CMFs are present in the cell wall ( Figures S5, S6) , consistent with our previous inferences. This confirmed that strain-stiffening does not replace the requirement for anisotropy in the cell wall. Then, we inferred the elastic moduli that produce the best match to the open stoma (model shown in Figure S6 ; Table 3 ). The variation of the aperture with respect to the pressure is shown in Figure 3 for both the previous and the updated cell wall matrix models. The almost linear pressure-aperture relationship of the original cell wall matrix model changes to a nonlinear profile for the stiffening cell wall matrix model, and the aperture becomes most sensitive to pressure changes in the lowest part of the pressure range, and is least sensitive at high pressures. This is precisely the relationship between aperture and pressure that is observed in pressure probe experiments when the stoma is surrounded by ruptured epidermal cells (Franks et al., 1998 (Franks et al., , 2001 . Consistent with experiments on isolated pectin-based gels that revealed strain-stiffening behaviour as force is applied (see Braybrook et al., 2012, and references therein), our simulations suggest that strain-stiffening of the cell wall matrix is possible, and provides an explanation for the nonlinear stomatal opening behaviour.
Strain-stiffening results in a small-strain shear modulus, G 0 , of the matrix of 4.4 MPa, which corresponds to a Young's modulus (E) of 13.2 MPa. This value of G 0 is about 49 lower than the value for the original matrix model (Tables 2, 3 ). As the change in aperture now saturates at high pressure, the matrix modulus must exceed the value for the previous matrix model at the maximum pressure. By analysing the stress-strain curve at the guard cell mid-point we estimated E % 154.6 MPa, which is %129 higher than in the undeformed state. The same analysis in the highly stressed region at the end of the pore resulted in E = 116.8 MPa. The precise location of these points is shown in Figure S1 . We therefore conclude that although circumferential CMFs are critical for stomata to open successfully, the cell wall matrix must stiffen significantly as pressure increases in order to provide robust mechanisms for limiting the aperture with increasing pressure.
To investigate how volume changes with pressure, we compared the volume change for the previous and the updated cell wall matrix models (Figure 3b ). The guard cell volume-pressure profile is nonlinear for the stiffening cell wall matrix profile, and the sensitivity to pressure is greatest at the lower end of the pressure range. The increased sensitivity in part of the pressure range helps to explain conflicting stomatal experiments, where the guard cell volume has been separately shown to increase nonlinearly (Franks et al., 2001) and linearly (Shope and Mott, 2006) with increasing pressure. This highlights the importance of capturing stomatal dynamics over the full pressure range, particularly at low pressures, and helps to explain the different experimental results.
To assess the impact on the opening dynamics of changes to the elastic moduli of the cell wall components, we tested different CMF moduli with a fixed value for G 0 , and then we fixed the CMF modulus and varied G 0 (Figure S7) . When the modulus of the CMFs is fixed, an increase in the small-strain shear modulus, G 0 , results in the final aperture and the guard cell volume decreasing until the matrix becomes so stiff that the change in pressure has a negligible effect and the stoma hardly deforms from its initial shape. As expected, changes to G 0 hardly affect the guard cell width because hoop rigidity is present in the guard cells as a result of the strong CMFs. These results allow us to predict how opening dynamics may be linked to the stiffness of the cell wall matrix, as the model predicts that the stoma will open less when the cell wall matrix is stiffer, and open more when the matrix is less stiff.
By systematically degrading specific pectins in the cell wall, for example by enzymatic digest, one could identify pectins that significantly contribute to the stiffness of the matrix by comparing the opening dynamics of treated and untreated plants. The model can then be used to quantify the change in matrix stiffness. Indeed, the enzymatic digestion of the pectin arabinan resulted in a decrease in the aperture relative to untreated plants (Jones et al., 2004) , an effect attributed to arabinan maintaining the 'fluidity' in the pectin network. Arabinan could also be viewed as making the wall softer, so that as the arabinan content decreases, upon digestion, the wall becomes stiffer. Interpreting this result with our model suggests that arabinan content in the cell wall is inversely related to the cell wall stiffness, suggesting that stomata with increased arabinan content would open more than stomata of wild-type plants.
Regarding the sensitivity of the model to the fibre modulus, alterations to the modulus oppositely affect the aperture and the volume: a decrease in the fibre modulus leads to a decrease in the aperture, but an increase in the guard cell volume ( Figure S7 ). This is expected, as each guard cell would lose its hoop rigidity as the fibre modulus decreases, and, eventually, the stoma would close when the fibre modulus is sufficiently small and the cell wall becomes isotropic. As the fibre modulus decreases the guard cell width increases. Interestingly, the model predicts that there is a range of fibre moduli for which the maximum aperture occurs at a pressure that lies between the minimum and maximum pressure, an effect that, as far as we know, has not been observed experimentally. Table 1 . The cell wall parameters are the 'Inferred #1' values in Table 2 for the original cell wall matrix model and the 'Inferred #2' values in Table 3 for the stiffening matrix model. Stomata with fibres of these moduli could be identified in experiments because the guard cell width and volume increase significantly. Increasing the fibre modulus towards the inferred value leads to a more open stoma and a constant guard cell width, until a limit is reached and the pore does not open wider as the fibre modulus is increased. In effect, the stoma gains no advantage by having fibres stronger than a certain value.
Using these results we can make predictions that shed light on experiments that alter those components of the fibre network that provide the guard cell with hoop rigidity, e.g. mutations to the cellulose synthase (CESA) genes or treatments that target cellulose directly. The model shows that a considerable decrease in the fibre modulus is necessary to decrease the aperture, but the stomata continue to function correctly until anisotropy is lost ( Figure S7 ). Therefore, we expect CESA mutants that have less cellulose, or plants that have been treated with cellulase to digest the cellulose and hemicellulose crosslinks in the cell walls, would have functional stomata. This is in agreement with experimental observations of CESA mutants and cellulase-treated plants: the stomata of the CESA mutant, cesa je5 , which has diminished cellulose content compared with the wild type, are consistently more open than the wild type in time-series experiments, but otherwise function normally (Rui and Anderson, 2016) ; cellulase treatment does not impair stomatal function in several plant species (Jones et al., 2003; Rui and Anderson, 2016) . Interestingly, Rui and Anderson (2016) found that cesa je5 and cellulase-treated plants opened their stomata more than wild-type and untreated plants, respectively. Although this may seem in conflict with the model, where lower CMF strength leads to a lower aperture and wider guard cells, the guard cell width of the cesa je5 stomata remained constant during opening, implying that the fibre strength and hence the hoop rigidity had not been significantly impaired ( Figure S7 ). The phenomenon of increased stomatal opening is, therefore, unlikely to be the result of a decrease in fibre strength, but is most likely caused by an effect not currently captured in our model. Indeed, Rui and Anderson (2016) concluded that the increased stomatal opening resulted from the CMFs being more loosely coupled along the guard cell axis, and hence were able to move apart more easily along the guard cell axis.
Quantifying the role of pectin in stomatal dynamics from Arabidopsis cell wall mutants
To test the model predictions, we performed experiments on wild-type plants and three T-DNA mutants in Arabidopsis, where each mutant is implicated in altered cell wall organization or pectin composition. The three cell wall mutants are irx8, pmr5 and pmr6. The irx8 mutant is deficient in the hemicellulose building block, xylose, and exhibited brittle behaviour under mechanical load (Balsamo et al., 2015) . As xylose is related to CMF crosslinking, the model predicts that the stomata will function normally, and possibly have an increased aperture relative to the wild type (Rui and Anderson, 2016) . Both pmr5 and pmr6 correspond to mutations to the powdery mildewresistant genes, PMR5 and PMR6, respectively. The pmr5 and pmr6 mutants show increased pectin content, notably with respect to arabinan, with pmr6 having a significant increase relative to the wild type (Vogel et al., 2002 (Vogel et al., , 2004 . Based on our predictions related to arabinan and its effect on matrix stiffness, we expect the stomata of pmr5 and pmr6 to open more than in the wild type, and we predict that pmr6 will open its stomata more than the other mutants and significantly more than the wild type.
We induced stomatal opening in each genotype by applying the cytotoxin fusicoccin (FC), and compared the opening dynamics with wild-type plants. All of the genotypes respond to the FC treatment and significantly open their stomata (Figure 4) . The initial aperture for the wild type and the pmr5 and pmr6 mutants show little difference, but irx8 plants have stomata that are initially more open. Regarding the final aperture, the stomata of the irx8, pmr5 and pmr6 mutants are more open than the wild type, but do not significantly differ. As expected, the reduction in xylose in irx8 does not impair stomatal function significantly, although the increased initial aperture may be the result of alterations in hemicellulose cross-linking. The initial apertures of pmr5 and pmr6 are similar to that in the wild type, and the final aperture, as expected, is greater than in the wild type, with pmr6 showing the largest increase. From the model, the increased opening of pmr5 and pmr6 is indicative of a decrease in the stiffness of the cell wall matrix. Next, we used the model to quantify the change in the matrix stiffness. In the following simulations we assume that the guard cell walls of the different stomata have the same cell wall thickness and are all subject to the same pressure change. Furthermore, by only varying material parameters in the model, we are essentially asking whether different mutant behaviourregardless of their naturecan be accounted for by a change in cell wall material. Details on the assumptions of the cell wall model are presented in the Experimental procedures. We measured the stomata in the experiments and then we initialized the model for each genotype using the mean values for the stoma length and width, together with the pore length and aperture (Table 4 ). Then we inflated each guard cell using an estimated range for the turgorin Arabidopsis guard cells (see Experimental procedures) and inferred the elastic moduli for the guard cell walls of each genotype; the matrix stiffnesses and fibre strengths are shown in Table 3 . The inferred elastic moduli from the model show that the small-strain shear modulus of the pmr6 mutant is 40% lower than that of the wild type, which is a significant decrease in stiffness relative to the wild type. The robustness of these results is given in Table S1 as a function of the cell wall material parameters. Using the model to interpret experimental results thus allows for the quantification of biomechanical changes of the cell wall.
DISCUSSION AND CONCLUSIONS
We have sought to use minimal computational models of guard cells to understand the biomechanical principles of their reversible opening and closing behaviour. Our focus has been on the dynamics of isolated guard cells. Stomata are surrounded by epidermal cells that sit on top of the mesophyll; however, many experimental results are from epidermal peels where the stomata are surrounded by ruptured epidermal cells (Spence et al., 1986; Franks et al., 2001) . In Arabidopsis, guard cells often tend to sit slightly above the epidermal cells (on small 'hills'), thereby reducing their physical interaction with neighbouring cells (McLachlan et al., 2014) , so our isolated guard cell model may also be a useful approximation for stomata in their epidermal setting for some species. We have made a number of simplifying assumptions, and future refinements to the model could include more realistic geometries, explicitly capturing cross-linking between the CMFs, more complex patterns of cell wall thicknesses based on experimental data and heterogeneous cell wall stiffnesses. Nevertheless, with the guard cell model presented we are able to capture existing experimental data and make a number of inferences and predictions.
By investigating the opening dynamics of a 3D biomechanical model of a guard cell, we inferred that strong, The observed measurements are the mean (AESEM) values for each genotype. The values for the closed stoma were used to construct the undeformed stomatal geometry in the model. Obtaining reliable estimates for pore length for closed stomata was problematic, and we therefore used the value for the open stomata, assuming no change (Rui and Anderson, 2016) . For the closed stomata, the dorsal and ventral wall thicknesses were set to 0.5 lm, which is in the range for the epidermal cell wall thickness of young leaves (Forouzesh et al., 2013) . The tip wall thickness was set to 0.1 lm and was estimated from Akita et al. (2016) . circumferential CMFs are required in the guard cell walls in order for the stoma to function correctly. Furthermore, we found that a strain-stiffening cell wall matrix is required for the aperture to saturate with increasing pressure, and to recapture the nonlinear pressure-aperture profiles observed in pressure probe experiments. By optimising the material property parameters such that the resulting shape fits experimentally observed closed and open stomatal geometries, we were able to infer the cell wall elastic moduli. Unsurprisingly, the model predicted that the stiffness of the pectin matrix would have a noticeable effect on the opening dynamics, a feature that has been observed experimentally (Jones et al., 2003) . Based on the model, we predict that the pectin arabinan, which has previously been implicated in altered stomatal dynamics, has an inverse relationship with the stiffness of the matrix, and that increased arabinan content leads to stomata becoming more open relative to the wild type. Investigating the role of the cell wall in stomatal movements is challenging, however, as genetic interference with cell wall components is likely to have broader effects on plant physiology. For example, cesa7 irx3-5 mutants exhibit reduced stomatal apertures, smaller guard cells and aberrant xylem function (Liang et al., 2010) . Given that a perturbation to the cell wall is sensed as cell wall damage, and induces receptor kinase signaling (Engelsdorf and Hamann, 2014) , the two processes of cell wall biomechanics and cell wall damage could interfere with each other. Indeed, cell wall damage caused by treatment with the cellulose biosynthesis inhibitor isoxaben induces the production of reactive oxygen species (Denness et al., 2011) , which in turn could trigger the closure of stomata (McLachlan et al., 2014; Wolf et al., 2014) . Thus, even with the identification of genes required for cell wall synthesis and biochemical inhibitors, it remains challenging to dissect the biomechanical function of the cell wall in guard cell dynamics. Integration of biomechanical models with signal intergration pathways may help interpret such complex behaviour.
We conclude that simple models such as the one presented here can help unravel key principles of biomechanical processes. Coupled with experimental data and optimization techniques, such models can also be used to infer cell wall material properties, interpret observed stomata shapes and predict mutant behaviour; however, given the model assumptions detailed in the text, the inference from experimental data must be used carefully, as any genetic perturbation is interpreted in the light of biomechanical properties in the model. For instance, an ion channel mutation that results in a decrease in turgor pressure, compared with the wild type, may be interpreted as a stiffer cell wall matrix. Therefore, additional information, such as pressure measurements and cell wall thickness, is required to identify the underlying cause of observed changes in guard cell dynamics.
EXPERIMENTAL PROCEDURES
Stomatal geometry construction
Stomata are surrounded by epidermal cells and are attached to the mesophyll; however, many experimental results are from epidermal peels where the stomata are surrounded by ruptured epidermal cells (Spence et al., 1986; Franks et al., 2001) . For better comparability with the available data, we therefore focused the modelling on the dynamics of isolated guard cells. We modelled the shape of the stoma as a hollow, deformed torus, with the stomatal and pore outlines approximated by ellipses ( Figure S1 ). Each transverse cross section of the guard cell is taken to be circular, and we used a uniform thickness for the dorsal and ventral wall thicknesses in the initial, closed, state. The cell wall thickness for V. faba guard cells is set to 1 lm so that it falls within the range observed by Li et al. (2010) . The thickness for Arabidopsis thaliana guard cells is unknown, so we used the epidermal wall thickness of 0.5 lm for young leaves (Forouzesh et al., 2013) . The guard cells are separated from each other by solid walls at the tips, again with a prescribed thickness. Tip wall thickness was observed by Meckel et al. (2007) to be 0.3 lm for V. faba, and we estimated it to be 0.1 lm for Arabidopsis from figure 2(d) in Akita et al. (2016) . The model was therefore constructed from the following geometrical parameters: (i) stomatal length and width; (ii) pore length and width; and (iii) ventral, dorsal and tip wall thicknesses, which are all in the equatorial plane of the stoma (i.e. the x-y plane) and specified in lm. The dorsal and ventral wall thicknesses define offsets to the dorsal and ventral ellipses, thus producing two further curves that represent the inner walls of the guard cells. The line joining the major axes of the dorsal and ventral ellipses defines the tip wall with its own thickness. We then divide the dorsal and ventral ellipses into an equal number of sections of equal arc length using the incomplete elliptic integral of the second kind. We then generated each cross section by rotating each pair of dorsal-ventral wall points about their half-way point, and in the vertical plane containing the points. We imposed symmetry conditions on the stoma by allowing the points that initially lie in each of the x-y, x-z and y-z planes to move, but constraining them to remain in the symmetry plane. A stencil for the model stoma together with views of the outside and inside of a model guard cell are shown in Figure S1 , where the elliptical outlines of the stoma and the pore together with the uniform cell wall thicknesses can be seen. We constructed the closed stoma using the lengths and widths of the pore and the stoma, together with the cell wall thicknesses. The dimensions for the stomata are given in Tables 1 and 4 .
Turgor pressure
Turgor pressure, P, is the difference between the pressures on the inside and on the outside of cells. We chose P as the independent variable in our simulations, which we applied to the inner surface of each guard cell. We increased P from 0 to 5 MPa, so that the minimum and maximum pressures are associated with closed and fully open stomata, respectively, in line with pressure probe experiments in V. faba (Franks et al., 1998 (Franks et al., , 2001 . We used the same pressure range for the stomata of A. thaliana.
The cell wall model
We used a two-phase hyperelastic strain energy density function, W, to model the stress-strain relationship in the guard cell wall (Chaplain, 1993) . This approach has been used for modelling plant growth (Geitmann and Ortega, 2009 used to approximate elastic, visco-elastic and plastic deformations, with Hooke's law being an example applicable to linear elasticity. As stomata reversibly open and close, we approximated the cell wall behaviour as being elastic. We chose an elastic model for the cell wall that is well suited to the three-dimensional nature of the morphology of the stoma, and which can also incorporate the anisotropy contributed to the cell wall by the circumferentially oriented CMFs. To separate the isotropic cell wall matrix from the CMFs we used an uncoupled formulation so that:
where we chose W matrix to be either the Mooney-Rivlin (Rivlin, 1948) or the Veronda-Westmann model (Veronda and Westmann, 1970) , where the latter explicitly incorporates stiffening. Both models for the matrix are mathematically characterized by two parameters, which can be brought together to form the smallstrain shear modulus, G 0 , permitting physical comparison of the values. The fibre contribution to the energy, W CMFs ,, is independent of the choice for W matrix . By uncoupling the matrix from the fibres in this way we are able to separately examine the contribution of each component to the dynamics of stomatal opening. We chose the open-source and freely available Finite Elements for Biomechanics software (FEBIO; Maas et al., 2012) for our simulations, which is a set of tools specifically developed for biomechanical investigations. In this software, the models are characterized by eight parameters: three for the isotropic cell wall matrix and five for the CMFs. The three cell wall matrix parameters are C 1 , C 2 and the bulk modulus, K, but we reduce this number to two by assuming that the cell wall is incompressible, which is achieved by setting K = 10 GPa, resulting in a Poisson's ratio of %0.5. The small-strain shear modulus, G 0 , of the cell wall matrix is related to C 1 and C 2 by G 0 = C 1 9 C 2 and G 0 = 2(C 1 + C 2 ) for the Veronda-Westmann and the Mooney-Rivlin models, respectively. Additionally, for an incompressible material the Young's modulus, E, is related to G by E = 3G. These expressions can be used to get estimates for the small-strain shear modulus and the Young's modulus of the cell wall matrix, although G and hence E will only be strictly valid for small stretches. We also use the gradient of the effective stress-strain curve at selected points, the locations of which are shown in Figure S1 , to estimate maximal values of E. The parameters of the cell wall model, therefore, dictate how changes in the pressure translate into changes in the geometry.
The fibre model is divided into three regions according to whether the embedding material is compressed, stretched (but the fibres are not yet straight) and when the fibres are straight, i.e. the fibres are permitted to be non-straight when the embedding matrix is unstretched; full details are given in the FEBIO documentation. The five fibre parameters are C 3 , C 4 , C 5 , k m and a unit vector that defines the fibre direction. The first two fibre parameters pertain to stretched but unstraightened fibres, and define a scaling factor for the stresses and a straightening rate, respectively. The C 5 parameter is the modulus of straightened fibres and k m is the stretch (in the fibre direction) of the cell wall matrix at which the fibres become straight. In guard cells the embedded CMFs are well known to lie in a radial pattern, so that they travel circumferentially around the guard cell cross section (e.g. Fujita and Wasteneys, 2013) , and so we set the fibre direction accordingly. We also included circumferential CMFs in the tip wall: the fibre direction is shown in Figure S1 . In our simulations, we set k m = 1 because values greater than this led to the guard cell width increasing, which is not observed experimentally. This choice for k m removes C 3 and C 4 from the parameterisation, leaving C 5 to be determined. We did not ascribe a spatial dependence to the cell wall parameters, although this could be incorporated if required. Finally, as the starting spatial distribution of mechanical stress is unknown, we initialized the model stoma in the closed state, which we associate with zero turgor pressure, and set the stress and strain in the cell wall to zero everywhere.
Finite element mesh construction and validation
To prepare the geometry for the finite-element method we require a suitable mesh. We chose a mesh defined in terms of hexahedral and pentahedral prismatic elements. Dividing each guard cell into a total of around 20 000 elements was sufficient to ensure that the mesh resolution did not affect the results. The mesh quality was checked using the condition number metric in VTK (http://www.vtk. org) The model construction was performed by a custom PYTHON script (http://www.python.org), which also exported the geometry, fibre directions, cell wall material parameters, boundary conditions and pressure curve to a file in the format required by FEBIO (Maas et al., 2012) . The results of the simulation were written to a binary file by FEBIO, which was processed by another custom PYTHON script that tracked various quantities over the pressure range. At each step of the simulation, the stomatal length and width, pore length and width, and the pore area, together with the surface area and enclosed volume of each guard cell, were recorded; the algorithm for the volume calculation is described in (Mirtich, 1996) .
Cell wall parameter inference
In general, material parameters are found by fitting an elastic model to an experimentally determined stress-strain curve for a sample of the material (e.g. Martins et al., 2006) . Here we used the stomatal geometry to infer the cell wall moduli. To find the set of material parameters that produced the best match to the open stoma we quantified the difference between the model and observation using the distance (Tofallis, 2014) :
where for each of the i measurements, M i and E i correspond to the value produced by the model and the experimentally observed value, respectively. We used stomatal length, guard cell width, pore length and aperture in the metric. Optimization was performed using the 'SLSQP' method in the PYTHON package SCIPY to determine cell wall parameters that provide the best fit to the experimental data according to the distance d. The code will be made publically available to coincide with publication.
Plant materials and growth conditions
The A. thaliana wild type (Col-0) as well as T-DNA mutants irx8 (At5g54690), pmr5 (At5g58600) and pmr6 (At3g54920) were used in this work. Plants were grown on soil for 4 weeks under 10 h light/14 h dark at 22°C/20°C, respectively, and 65% humidity.
Stomatal opening treatment and imaging
Four-week-old leaves at the same developmental stage were harvested in the morning after a minimum of 3 h of light and transferred in a buffer [50 mM KCl, 10 lM CaCl 2 , 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 6.1, 0.01% Tween] for 3 h in the dark at room temperature to induce stomatal closure. The samples were then treated with 50 lM fusicoccin (Sigma-Aldrich, https://www.sigmaaldrich.com) in the same buffer. All images were acquired with a bright-field microscope DM-R (Leica, http:// www.leica.com) at 409 magnification. Stomatal aperture was measured at each time point from light microscopy pictures using (Schneider et al., 2012) . The overall stomatal length and width were measured at the start point and end point using IMAGEJ. An average of 11.5 stomata per genotype were measured for 1 h in two independent experiments. Stomata that did not respond to fusicoccin were excluded from the analysis.
CODE AVAILABILITY
Finite-element modelling was performed within the FEBIO framework (http://www.febio.org) . All of the scripts used to run these simulations, process the data and generate the graphs are freely available at https://github.com/woolfe h/stomasimulator.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Geometry of the model stoma. Figure S2 . Cell wall thickness and matrix stiffness do not qualitatively affect stomatal function. Figure S3 . Guard cell aspect ratio only affects stomatal dynamics at low pressures. Figure S4 . Stress and strain directions show hoop rigidity and longitudinal guard cell lengthening. Figure S5 . Circumferentially oriented cellulose fibres are critical for proper stomatal function. Figure S6 . Stomatal opening induces stress and strain hot spots in guard cell walls. Figure S7 . Aperture is oppositely affected by a stiffer cell wall matrix versus stiffer CMFs. Table S1 . Change in stomata geometry of the cell wall genotypes of Arabidopsis as a function of the cell wall material property parameters.
